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technology that offers to simplify networking devices by
centralizingthenetworklayerfunctionsandallowingadaptively
programmable traffic flows.We propose using spectral graph
theorymethods to identify and locate congestion in a network.
The analysis of the balanced traffic case yields an efficient
solution for congestion identification. The unbalanced case
demonstratesadistinctdrop inconnectivity thatcanbeused to
determine the onset of congestion. The eigenvectors of the





6RIWZDUHGHILQHG QHWZRUNV 6'1 DUH DQ HPHUJLQJ
WHFKQRORJ\ WKDWRIIHUV WR VLPSOLI\ URXWHUV VZLWFKHVDQGRWKHU
QHWZRUN GHYLFHV E\ FHQWUDOL]LQJ WKH QHWZRUN OD\HU IXQFWLRQV
DQGDOORZLQJDGDSWLYHSURJUDPPDELOLW\RIWUDIILFIORZV7KLVLV
DFFRPSOLVKHGWKURXJKWKHDGGLWLRQRIFRQWUROOHUVWKDWKDYHWKH
FDSDELOLW\ WR PRQLWRU DQG UHSURJUDP IORZ UXOHV WR DGDSW WR
FKDQJLQJQHWZRUNWUDIILFDQGVHFXULW\FRQGLWLRQV
6'1VUHTXLUHORJLFDOO\FHQWUDOL]HGFRQWUROOHUVWKDWDUHDEOH
WR GHWHFW DQDO\]H DQG GLVWLQJXLVK QHWZRUN VWDWHV DQG
FRQGLWLRQV LQ RUGHU WR PDQDJH FRQJHVWLRQ DQG DWWDFNV >@ $
FRQWUROOHU¶VDELOLW\WRPRQLWRUDQGPDQDJHDQHWZRUNLVGLUHFWO\
WLHG WR LWV DELOLW\ WR LGHQWLI\ QHWZRUN VWDWH $ QHHG H[LVWV IRU
WRROVWKDWH[SORLWWKHXQLTXHFDSDELOLWLHVRI6'1VWRORFDWHDQG
LGHQWLI\QHWZRUNFRQJHVWLRQ
*RRJOH ZDV RQH RI WKH ILUVW SLRQHHUV LQWR WKH 6'1
WUDQVLWLRQ DQG D GRFXPHQWDWLRQ RI WKHLU UHVXOWV LV LQ >@9LD
FRQWURO RI WUDIILF VRXUFHV DQG FHQWUDOL]HG WUDIILF HQJLQHHULQJ
WKH XWLOL]DWLRQ RI *RRJOH¶V % QHWZRUN ZDV PDLQWDLQHG QHDU
 ,Q DGGLWLRQ *RRJOH RSWLPL]HG WKHLU QHWZRUN WR HQVXUH
WKDWKLJKSULRULW\WUDIILFUHFHLYHGWKHKLJKHVWTXDOLW\RIVHUYLFH
6'1 DOORZHG *RRJOH WR PDQDJH WKHLU QHWZRUN WR PHHW WKHLU
UHTXLUHPHQWVIRUKLJKXWLOL]DWLRQDQGJRRGTXDOLW\RIVHUYLFH
$W WKH SK\VLFDO OD\HU VSHFWUDO JUDSK WKHRU\ KDV EHHQ
DSSOLHG WR PDQ\ GLIIHUHQW W\SHV RI QHWZRUNV WR LQFOXGH WKH
VPDUWJULGDQG6'1V,WVSULQFLSOHVKDYHEHHQXVHGWRSURGXFH
QHWZRUNV WKDW DUHPRUH UREXVW >@7KHVH UREXVW QHWZRUNV DUH
PRUHUHVLVWDQWWRFRQJHVWLRQDQGUDQGRPIDLOXUHV$VPDUWJULG
OLQN UHZLULQJ DOJRULWKP ZDV SURSRVHG EDVHG RQ WKHVH VDPH
SULQFLSOHV ZKLFK ZDV VKRZQ WR LPSURYH WKH FRPPXQLFDWLRQ
QHWZRUNSHUIRUPDQFHDWDOOOD\HUV
,Q WKLV SDSHU ZH XVH VSHFWUDO JUDSK WKHRU\ WR HVWLPDWH
XWLOL]DWLRQ RI D QHWZRUN DQG ORFDWH WKH FRQJHVWHG QRGHV DQG
OLQNV 7KHVH WZR REMHFWLYHV DUH PHW XVLQJ WKH SULQFLSOHV RI
VSHFWUDO JUDSK WKHRU\:H SUHVHQW ERWK FORVHGIRUP VROXWLRQV





7KLV SDSHU LV RUJDQL]HG DV IROORZV ,Q VHFWLRQ ,, ZH
GHVFULEH VRIWZDUHGHILQHG QHWZRUNV DQG WKH FRQWUROOHU






$6'1LVPDGHXSRI WZRW\SHVRIGHYLFHV  VZLWFKHVDQG
FRQWUROOHUV )LJ  VKRZV D KLHUDUFK\ RI WKHVH GHYLFHV 6'1
VZLWFKHV DUH WKH IRUZDUGLQJ GHYLFHV WKDW DFFRPSOLVK GDWD
SODQHWDVNV6ZLWFKHVVLPSO\PDWFKSDFNHWVWRUXOHVLQDWDEOH
DQGH[HFXWH WKHDFWLRQ UHTXLUHGE\ WKH UXOH&RQWUROOHUV KDYH
FRPSOHWH NQRZOHGJH RI WKH WRSRORJ\ RI WKH QHWZRUN DQG XVH
















+RVW +RVW +RVW +RVW
6'1&RQWUROOHU
,((( $VLORPDU
7KH FRQWUROOHU LV WKH NH\ EUHDNWKURXJK RI 6'1 $OO
VZLWFKHV LQ D JLYHQ GRPDLQZLOO EH LQ GLUHFW FRPPXQLFDWLRQ
ZLWK RQH RUPRUH FRQWUROOHUV RYHU D VHFXUH FKDQQHO >@ 7KH
FRQWUROOHUPXVWPDNHURXWLQJGHFLVLRQVDVSDFNHWVDUULYHDQG
LW LV IUHH WR FUHDWHPRGLI\ DQGGHOHWH IORZ UXOHV SURDFWLYHO\
DQGUHDFWLYHO\ ,WH[DPLQHV WKHVWDWHRI WKHQHWZRUNSURYLGHV
IHHGEDFN WR WKH QHWZRUN DV IORZ UXOHV DQG WKHQ XSGDWHV LWV
HVWLPDWLRQ RI WKH QHWZRUN VWDWH >@ DV LQ FODVVLF FORVHGORRS
FRQWURO>@
$ &RQJHVWLRQ&RQWURODWWKH1HWZRUN/D\HU
7KH FRQWUROOHU SUREOHP KDV WZR SDUWV )LUVW WR HIILFLHQWO\
URXWH SDFNHWV LQ D QHWZRUN WKH FRQWUROOHU PXVW EH DEOH WR
LGHQWLI\ ZKHQ FRQJHVWLRQ RFFXUV 6HFRQG LW PXVW EH DEOH WR
ORFDWHWKHFRQJHVWLRQ2QFHFRQJHVWLRQKDVEHHQLGHQWLILHGWKH
FRQWUROOHU FDQSURDFWLYHO\SURYLGH IHHGEDFN DW OD\HUV WZRDQG
WKUHH WRSUHYHQW WKH LQLWLDWLRQRI OD\HU IRXUFRQJHVWLRQFRQWURO




UHSUHVHQWDWLRQV RI WKH QHWZRUN GR QRW DQDO\]H WKH OLQNV RU
QRGHV LQ LVRODWLRQ EXW LW DOORZV IRU DQDO\VLV RI WKH FRPSOH[
LQWHUDFWLRQV EHWZHHQ WKH GHYLFHV LQ WKH QHWZRUN WKDW PD\ EH
RQHRUPRUHKRSVDZD\
8WLOL]DWLRQ LV D PHWULF WKDW LV W\SLFDOO\ XVHG WR PHDVXUH
FRQJHVWLRQ ,Q >@ DQ DOJRULWKPZDV GHYHORSHG WREH XVHG LQ
6'1V WR GHWHUPLQH IORZ UXOHV WKDW PLQLPL]HG WKH PD[LPXP
XWLOL]DWLRQ /LQN OHYHO QHWZRUN PHWULFV ZHUH FROOHFWHG E\ WKH
FRQWUROOHU DQG WKH PHDVXUHPHQWV ZHUH XVHG WR RSWLPL]H WKH
IORZV 7KLV QHZ URXWLQJ DOJRULWKP LQFUHDVHG QRUPDOL]HG
WKURXJKSXW RI WKH QHWZRUN DV FRPSDUHG WR WKH RSHQ VKRUWHVW
SDWKILUVW263)URXWLQJ,QDGGLWLRQLWZDVVKRZQWKDWDVWKH
QXPEHURI6'1VZLWFKHV LQ WKHQHWZRUN LQFUHDVHG UHODWLYH WR
WKHQXPEHURIOHJDF\URXWHUVQRUPDOL]HGWKURXJKSXWLQFUHDVHG
GXH WR LQFUHDVLQJ WKH QXPEHU RI IORZV WKDW ZHUH FRQWUROODEOH
ZLWKLQWKHGRPDLQRIWKHFRQWUROOHU
,,, *5$3+3$57,7,21,1*
*UDSK WKHRU\ SURYLGHV D PHWKRG WR PRGHO D QHWZRUN DQG
WUHDW LWDVDVLQJOHHOHPHQWDVRSSRVHG WRDGLVWULEXWHGVHWRI
LQGLYLGXDOGHYLFHV7KLVWKHRU\FDQEHXVHGWRPRGHODOOOD\HUV
RI WKH 6'1 VWDFN 7KH SK\VLFDO WRSRORJ\ FDQ EH GHILQHG E\
PDWULFHVWKDWGHVFULEHZKLFKQRGHVDUHGLUHFWO\FRQQHFWHGDQG
WKH QHWZRUNLQJ WRSRORJ\ FDQ EH GHILQHG E\ VLPLODU PDWULFHV
WKDWDFFRXQWIRUQHWZRUNWUDIILF
$ *UDSK7KHRU\0DWULFHV




7KH PRVW IXQGDPHQWDO PDWULFHV LQ JUDSK WKHRU\ DUH WKH
DGMDFHQF\ DQG GHJUHH PDWULFHV 7KH QHWZRUN WRSRORJ\ LV
GHILQHG E\ DQ DGMDFHQF\ PDWUL[ $  ZKLFK LV D Q Qu PDWUL[
ZKHUH Q LV WKH WRWDO QXPEHU RI QRGHV LQ WKH JUDSK )RU D






LM LMZ H /$ L M










' L M  
­  ° ®°¯
¦  
,I WKH JUDSK LV XQZHLJKWHG WKH DGMDFHQF\ PDWUL[ ZLOO
FRQVLVW RI RQHV DQG ]HURHV DQG WKH GHJUHH PDWUL[ ZLOO EH D
GLDJRQDOPDWUL[RIYDOXHVHTXDOWRWKHGHJUHHRIHDFKQRGH7KH





7KH /DSODFLDQ PDWUL[ LV D PDWUL[ WKDW FRPELQHV WKH
DGMDFHQF\DQGGHJUHHPDWULFHVDFFRUGLQJWR
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¦  
% 6SHFWUDO*UDSK7KHRU\
6SHFWUDO JUDSK WKHRU\ LV D VXEILHOG RI JUDSK WKHRU\ WKDW
GHVFULEHV WKH FKDUDFWHULVWLFV RI D JUDSK E\ DQDO\]LQJ WKH
HLJHQYDOXHVDQGHLJHQYHFWRUVRI WKH DGMDFHQF\PDWUL[DQG WKH
/DSODFLDQPDWUL[(LJHQYDOXHVDQGHLJHQYHFWRUVDUHGHILQHGDV
WKHVROXWLRQWR $Y YO ZKHUH $ LVDQ\VTXDUHPDWUL[ Y LVDQ
HLJHQYHFWRURI $ DQG O LVDQHLJHQYDOXHRI $ >@
7KH /DSODFLDQPDWUL[ LV SRVLWLYH VHPLGHILQLWH+HQFH DOO
HLJHQYDOXHVDUHUHDODQGWKHUHZLOODOZD\VEHDWOHDVWRQH]HUR
HLJHQYDOXH 7KH HLJHQYDOXHV DUH W\SLFDOO\ RUGHUHG IURP
VPDOOHVWWRODUJHVWE\
    Q QO O O O d d d d  
,Q>@)LHGOHUGHILQHGWKHDOJHEUDLFFRQQHFWLYLW\DV O DQGWKH
)LHGOHU YHFWRU DV WKH HLJHQYHFWRU DVVRFLDWHG ZLWK O  /DUJH
DOJHEUDLF FRQQHFWLYLW\ KDV EHHQ VKRZQ WR EH FRUUHODWHG ZLWK
ZHOOFRQQHFWHG JUDSKV >@ EHWWHU SHUIRUPDQFH ZKHQ XVLQJ
GLVWULEXWHG DOJRULWKPV >@ DQG UHGXFHG ERWWOHQHFNV LQ
FRPSXWHU QHWZRUNV >@7KHPRVW LPSRUWDQW IDFW DERXW O IRU
LGHQWLILFDWLRQRIFRQJHVWLRQ LV WKDW LWVXSSHUERXQG LVHTXDO WR





7ZR VSHFWUDO DOJRULWKPV IRU JUDSK SDUWLWLRQLQJ ZHUH
SURSRVHGLQ>@ZLWKWKHJRDORISDUWLWLRQDJUDSKLQWRWZRRU
PRUHVXEJUDSKV7KHVXEJUDSKVKDYHVWURQJFRQQHFWLRQVZLWKLQ
WKHLU ERXQGV EXW HDFK LV QRW ZHOO FRQQHFWHG WR WKH RWKHU
VXEJUDSKV 7KH ILUVW DOJRULWKP LV WKH VSHFWUDO PHWKRG ZKLFK
PDNHV XVH RI WKH )LHGOHU YHFWRU DQG WKH VHFRQG DOJRULWKP LV
WKH PRGXODULW\ PHWKRG ZKLFK LV VLPLODU WR SULQFLSDO
FRPSRQHQWVDQDO\VLV7KHVSHFWUDOPHWKRGWHQGVWRVHSDUDWHWKH
JUDSKDORQJWKHRSWLPXPPLQLPXPFXWLQQHWZRUNVZLWKODUJH
VSHFWUDO JDS WKLVPHWKRG WHQGV WRZRUNZHOO7KHPRGXODULW\
PHWKRGSDUWLWLRQVWKHQHWZRUNEDVHGRQWKHH[SHFWHGQXPEHURI
HGJHVEHWZHHQD VHWRIQRGHV7KH UHVXOW LVD VWDWLVWLFDOEDVHG
PHWULFPRGXODULW\ZKLFK SURYLGHV D EHWWHUPHWKRGZKHQ WKH
VSHFWUDOJDSLVVPDOO>@
,9 63(&75$/*5$3+$1$/<6,62)$:(,*+7('*5$3+
,Q WKLV SDSHU ZH SUHVHQW WKH FORVHGIRUP VROXWLRQ IRU
DOJHEUDLFFRQQHFWLYLW\RIDG\QDPLFZHLJKWHGJUDSK7KHWZR




LQ (TQ  6ROYLQJ IRU WKH HLJHQYDOXHV RI DQ XQZHLJKWHG
FRPSOHWH JUDSK LH IXOO PHVK QHWZRUN UHVXOWV LQ WKH
FKDUDFWHULVWLFHTXDWLRQ>@
     Q QQO O     
7R GHWHUPLQH WKH HIIHFW RI GLIIHULQJ ZHLJKWV RQ WKH
HLJHQYDOXHV RI D FRPSOHWH JUDSK D VHW RI YDULDEOHV DUH











































 ,I    DQG DUHHTXDODQG WKURXJK QX X X X  HTXDO RQH WKH
UHVXOWLQJQHWZRUNPRGHOVDPHVKQHWZRUNH[FHSWIRURQHQRGH
ZLWK WZR OLQNV 7KH WUDIILF LV EDODQFHG RQ WKH WZR OLQNV DQG
WKHUHIRUH  X X X   9DULDEOHV X WKURXJK QX  DUH
HOLPLQDWHG IURP WKH HTXDWLRQ EHFDXVH WKH ZHLJKWV RQ WKRVH
OLQNVDUH]HUR7KHFKDUDFWHULVWLFHTXDWLRQLV




      
  
Q X Q Q X X XO           
$VWKHOLPLWRI(TQDV Q JRHVWRLQILQLW\LV
  OLP   Q XOof    
(TQ  VKRZV WKDW WKH DOJHEUDLF FRQQHFWLYLW\ RI DQ
DUELWUDULO\ ODUJH QHWZRUN FDQ EH HVWLPDWHG XVLQJ D OLQHDU
DSSUR[LPDWLRQ 7KLV UHVXOW DOVR DJUHHV ZLWK WKH XQZHLJKWHG
FDVH LQ (TQ  7KH PD[LPXP DOJHEUDLF FRQQHFWLYLW\ LV
OLPLWHG E\ WKH QRGH ZLWK WKH VPDOOHVW GHJUHH ,Q WKLV FDVH




VX DUH HTXDO WKH UHVXOW LV D PHVK QHWZRUN ZLWK
EDODQFHG WUDIILF RQ DOO Q  OLQNV 9DULDEOHV X WKURXJK
QX  DUHHOLPLQDWHGIURPWKHHTXDWLRQDQGUHSODFHGZLWKX 7KH
UHVXOWLQJFKDUDFWHULVWLFHTXDWLRQLV
       Q QQ X Q XQO O O       
7KHDOJHEUDLFFRQQHFWLYLW\LVVLPSO\
   Q XO    
,Q WKHVH VSHFLILF FDVHV DOJHEUDLF FRQQHFWLYLW\ LV D OLQHDU
IXQFWLRQRIOLQNXWLOL]DWLRQ,QPRUHFRPSOH[VLWXDWLRQV WKHVH
HTXDWLRQV SURYLGH ERXQGV RQ WKH FRQJHVWLRQ HVWLPDWLRQ
SUREOHP 7KH PD[LPXP ERXQG RQ DOJHEUDLF FRQQHFWLYLW\ LV
HTXDOWRWKHVPDOOHVWGHJUHH7KHULJKWKDQGERXQGLV
    FG XO d    
ZKHUH FG LV WKH GHJUHH RI WKH FRQJHVWHG QRGH 7KHVH WZR
ERXQGV SURYLGH DQ HQYHORSH LQVLGH ZKLFK WKH DOJHEUDLF





    4 , YO   
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%\ UHDUUDQJLQJ(TQ ZH FDQ LVRODWH Y DVD IXQFWLRQRI
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(TQUHGXFHVWR


















 u  ¦  
(TQGHPRQVWUDWHVWKDW Y ZLOOKDYHDGLIIHUHQWVLJQWKDQ
WKH VXP RI WKH UHPDLQLQJ FRPSRQHQWV RI WKH )LHGOHU YHFWRU
7KH UHPDLQLQJ FRPSRQHQWV FDQ EH VKRZQ WR DOO EH HTXDO E\
VROYLQJ WKH UHPDLQLQJ HTXDWLRQV 7KH VSHFLILF FDVH GHVFULEHG
LQ (TQV  WKURXJK  FRXOG DSSO\ WR DQ\ QRGH LQ WKH
QHWZRUNEHFDXVHWKHLQGH[RIWKHQRGHLQWKH/DSODFLDQPDWUL[





WKHDOJHEUDLFFRQQHFWLYLW\DQG WKH ORFDWLRQRI WKHFRQJHVWLRQ
LV SLQSRLQWHG E\ WKH )LHGOHU YHFWRU (TQV   DQG 
VKRZ WKDW DV WKH XWLOL]DWLRQ RI WKH OLQNV DSSURDFK RQH WKH
DOJHEUDLFFRQQHFWLYLW\JRHVWR]HURHYHQWKRXJKWKHUHVWRIWKH
QHWZRUN LVVWLOODFRPSOHWHJUDSKZLWKQR WUDIILF7KH)LHGOHU
YHFWRU Y  DV VKRZQ LQ(TQ ZLOO FOHDUO\ LGHQWLI\ZKHUH
WKHFRQJHVWLRQLVORFDWHG
0RUHFRPSOH[FDVHVZKLFK LQFOXGHXQEDODQFHG WUDIILFGR
QRW OHQG WKHPVHOYHV WR DQDO\WLF FORVHGIRUP VROXWLRQV 2XU
VLPXODWLRQUHVXOWVVKRZWKHPRUHFRPSOH[FDVHV
9 6,08/$7,215(68/76
7KH VLPXODWLRQ UHVXOWV GHPRQVWUDWH RXU DSSURDFK IRUPRUH
FRPSOLFDWHG QHWZRUNV DQG SURYLGH IXUWKHU LQVLJKW LQWR WKH
EHKDYLRURIDOJHEUDLFFRQQHFWLYLW\DQGWKH)LHGOHUYHFWRULQDQ
XQEDODQFHG WUDIILF VFHQDULR 7KH REMHFWLYH LV WR XQGHUVWDQG
KRZ FKDQJLQJ QHWZRUN FRQGLWLRQV DIIHFW WKH DOJHEUDLF
FRQQHFWLYLW\





,Q RUGHU WR DQDO\]H WKH HIIHFWV RI OLQN XWLOL]DWLRQ RQ
DOJHEUDLF FRQQHFWLYLW\ ZH DQDO\]HG  UDQGRP PRGXODU
JUDSKV WKDW FRQWDLQHG  WRWDO QRGHV RUJDQL]HG LQWR WKUHH
FOXVWHUV>@)RUHDFKUDQGRPJUDSKLQGLYLGXDOOLQNZHLJKWV
ZHUH UHGXFHG WR ]HUR 7KHQ WKH DOJHEUDLF FRQQHFWLYLW\ ZDV
FDOFXODWHGLQHDFKFDVH7KHUHVXOWVIURPDOOQRGHVZLWKLQ
WKH  UDQGRP JUDSKV ZHUH WKHQ DYHUDJHG DFFRUGLQJ WR WKH
QXPEHU RI OLQNV FRQQHFWHG WR WKH QRGH )LJ  GLVSOD\V WKH







7R GHPRQVWUDWH WKH SDUWLWLRQLQJ RI D PHVK QHWZRUN ZH
KDYH VKRZQ LQ )LJV  DQG  D IXOO PHVK QHWZRUN ZLWK DQG











DQG VKRZ IRXU IXOOPHVK QHWZRUNV WKDW DUH FRQQHFWHGE\ D
VPDOO QXPEHU RI OLQNV 7KH HLJHQYHFWRUV RI WKH /DSODFLDQ
PDWUL[FOHDUO\VKRZWKHIRXUGLVWLQFWIXOOPHVKQHWZRUNV)LJ
GHPRQVWUDWHV WKDW WKH FRQJHVWHG QRGH LQ JUHHQ LV VHSDUDWHG










7KH VXFFHVV RI D FHQWUDOL]HG FRQWUROOHU LV EDVHG RQ LWV
DELOLW\ WRGHWHUPLQH WKH VWDWHRI D ODUJHQHWZRUN ,Q WKHFDVHV
GHVFULEHG LQ WKLV SDSHU ZH KDYH VKRZQ WKDW DOJHEUDLF
FRQQHFWLYLW\FDQEHXVHGDVDPHWULFWRLGHQWLI\FRQJHVWLRQLQD
QHWZRUN7KHDQDO\VLVRIWKHEDODQFHGWUDIILFVFHQDULRSURYLGHV
WKH DQDO\WLFDO EDVLV IRU WKH H[WHQVLRQ WR PRUH FRPSOH[
QHWZRUNV DQG QHWZRUN VWDWHV 7KH XQEDODQFHG FDVH
GHPRQVWUDWHV WKDW WKH ERXQGV RQ DOJHEUDLF FRQQHFWLYLW\ DUH
NQRZQDQG FDQEHXVHG WR HVWLPDWH QHWZRUN FRQJHVWLRQ7KLV
HVWLPDWLRQ FDQ EH XVHG E\ WKH FRQWUROOHU WR GHWHUPLQH ZKHQ
OD\HU WZR DQG WKUHH FRQJHVWLRQ FRQWURO DOJRULWKPV VKRXOG EH
LQLWLDWHG WR SUHYHQW OD\HU IRXU FRQJHVWLRQ FRQWURO DOJRULWKPV
IURPUHGXFLQJRYHUDOOWKURXJKSXW,QDGGLWLRQWKHHLJHQYHFWRUV
RI WKH /DSODFLDQ PDWUL[ DUH DQ HIIHFWLYH PHWKRG IRU WKH
FRQWUROOHU WR ORFDWH WKH FRQJHVWLRQ 2QFH LW KDV ORFDWHG WKH
FRQJHVWLRQ LW FDQGHWHUPLQHZKLFK OLQNV DQGQRGHVDUHEHLQJ






>@ 6 -DLQ HW DO % ([SHULHQFH ZLWK D JOREDOO\GHSOR\HG VRIWZDUH








>@ 0 ) %DUL HW DO '\QDPLF &RQWUROOHU 3URYLVLRQLQJ LQ 6RIWZDUH















>@ 0 ( - 1HZPDQ )LQGLQJ&RPPXQLW\ 6WUXFWXUH LQ 1HWZRUNV 8VLQJ
WKH (LJHQYHFWRUV RI0DWULFHV3K\VLFDO 5HYLHZ ( YRO  QR  SS
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